Abstract : We develop an automated cell-cutting technique for cell cloning. Animal cells softened by the cytochalasin treatment are injected into a microfluidic chip. The microfluidic chip contains two orthogonal channels: one microchannel is wide, used to transport cells, and generates the cutting flow; the other is thin and used for aspiration, fixing, and stretching of the cell. The injected cell is aspirated and stretched in the thin microchannel. Simultaneously, the volumes of the cell before and after aspiration are calculated; the volumes are used to calculate the fluid flow required to aspirate half the volume of the cell into the thin microchannel. Finally, we apply a high-speed flow in the orthogonal microchannel to bisect the cell. This paper reports the cutting process, the cutting system, and the results of the experiment.
Introduction
There has been a great demand for a high-throughput automated cloning system to improve the yield of animal cells obtained by cloning. Recently, cloning techniques have been actively investigated since they can be used in food production, organ transplantation, and the development of genetically similar laboratory animals.
There are two major cloning methods: the Roslin method, which is famous because it was used to clone the sheep Dolly [1] , and the Honolulu method [2] . The difference between these two methods is that the Roslin method uses the nucleus of somatic cells as the donor nucleus, while the Honolulu method uses the embryo nucleus. However, both methods basically follow the same process: (1) extracting a nucleus from a donor cell or embryo, (2) injecting the donor nucleus into an enucleated cell, (3) fusing the components by application of an electrical stimulus, and (4) making an artificial pregnancy of the implanted and growned clone cell. The embryo or somatic cells are usually manipulated with a glass pipette or a glass needle. This method is however time-consuming, so an automated system is required.
There has been proposed an automated cloning process as shown in Fig. 1 [3] , [4] . The zona pellucida is removed from around the oocyte, and the oocyte is cut in two; the nucleuscontaining cell is then disposed. The cloned embryo is obtained by combining two non-nucleus cells with one donor nucleus by application of an electric stimulus. In previous studies [1] , [2] , the production of 50 clone cells required 90 min. In this study, we aim to produce 50 clone cells in an hour. * The focus of this study is to automate the cell-cutting process in order to facilitate automated enucleation. To improve the efficiency of enucleation, G. Vajta et al. developed an enucleation technique involving manual bisection with a microblade [5] . This bisection method was found to be more suitable than the pipetting method for use in an automated cloning system. However, since it is difficult to control the position of the microblade with the microscopic image as a guide, a more efficient cell-cutting method is required.
We propose a new cell-cutting method that employs fluid flow for cutting the cells [6] . The purpose of this research work is to automate the cell-cutting. The cutting time needs to be reduced to 50 seconds because we aim to reduce the total automated cloning time for producing 50 cells to 1 hour and each process, including injection, separation, and coupling, needs to be performed independently. In this paper, we present an automated cell-cutting technique using a microfluidic chip, microscope image processing, an automated cell-cutting system, and the results of the experiment.
Cutting Method

Selection of the Cutting Method
Usually, the enucleation process is performed using a glass pipette and glass needle; it is used for cell cutting. However, this method requires 2 manipulators with force control and who can perform the task with high accuracy; therefore, the task of automation is complicated and difficult. Gregory T. Baxter et al. developed a multiple cell-sucking plate [7] . The plate has cavities, bottoms of which a hole. A cell is placed in the cavity, and its nucleus is aspirated and removed through the hole at the bottom. This technique is a high-throughput one that allows mass production of clone cells. We need to confirm the efficiency of the enucleation process, for which each cell needs to be observed. However, it is difficult to observe each cell because microscopic images of the cell and nucleus, as observed from the bottom of the plate, overlap. Moreover, all the holes are connected to one pump, so the aspiration pressure cannot be controlled individually for each cell.
G. Vajta et al. proposed an enucleation process using a sharp blade without a pipette and needle [5] . However, we think that liquid flow is suitable for cell cutting. A fluid current can produce strong forces in micro-scale systems. Moreover, this method does not require positioning of the cells and a highaccuracy manipulator.
To compare the blade-cutting and flow-cutting technique, we classify the cutting method, which is used blade and flow as shown in Fig. 2 . A sharp blade, Bio-Cut (FEATHER Co. Ltd.), was used for cell cutting by the standard technique [5] . The zona pellucida was removed from around an oocyte, and its cytoskeletal organization was disrupted by cytochalasin treatment. This oocyte was placed on a plastic plate and cut by the blade.
The wire-cutting and pillar-cutting methods are suitable for an automated process because they involve batch processing and do not require vision sensing. However, if a hard cell or other obstacles block the cutting space, other softened cells in that space get damaged. Hence, vision sensing is indispensable for cell cutting.
We proposed a cell-cutting technique using a microfluidic chip which has orthogonal channels [6] . The steps in the cellcutting method are shown in Fig. 3 . A cell is injected into a thin microchannel that is fabricated on a microfluidic chip. The microfluidic chip contains 2 orthogonal channels: the cell is aspirated and fixed in one microchannel, and a fluid is made to flow with a high velocity in the other channel. The highvelocity fluid is used for cutting the aspirated cell. The thickness of the aspiration channel can be adjusted in order to fix the aspirated cell. The thickness of the aspiration channel was experimentally determined to be 50 μm in the case of bovine oocytes. Half the volume of the cell is aspirated into the thin microchannel, and a high-speed flow is then generated to cut the cell into two.
With regard to automated cell cutting, flow cutting has advantages over blade cutting in that it is simpler and allows for better observation of the cell. The target cells need to be observed by both methods, in order to ensure that they are cut in two. In the blade-cutting method, the blade is placed above the cell, and volume calculation and automatic definition of the blade and the cell is difficult by image processing. The microfluidic channel and the liquid used for the flow cutting are transparent, so the cells can be observed clearly. Blade cutting requires at least 1 manipulator to hold and control the blade; positioning of the target cells is also required. In the case of flow cutting, only output control of the pumps is required. Therefore, we employed flow cutting as the automatic cell-cutting technique.
We performed flow-cutting experiments using michrofluidic chips [6] . Bovine oocytes were prepared and chemically softened by cytochalasin treatment [5] . Subsequently, half the volume of the cell was aspirated into the thin microchannel and cut by the intersecting high-speed fluid. The success rate of this cell-cutting technique was 98% (55/56). Observation of these cells was easy since the microfluidic chip was transparent; further, since the cell was fixed in place by aspiration, there was no need to adjust the objective lens of the microscope.
Schematic Representation and Algorithm of the Automated Enucleation Process
We have developed an automated enucleation process using the cell-cutting and monitoring method. A schematic diagram of the cell-cutting system and the microfluidic chip is shown in Fig. 4 , and the detailed algorithm for the automated enucleation process is shown in Fig. 5. 
Automated cell-cutting system
We used an inverted microscope (IX70; OLYMPUS Co. Ltd.) for observing the microfluidic chip and cells. An objective lens (U-Plan Apo; OLYMPUS Co. Ltd.) with a magnification of 10 × was used for the observation. A microfluidic chip was placed on the XY-stage attached to the microscope. The injection port, the flow cutting channel, and the aspiration channel were connected to a pump each. A computer equipped with Windows XP was used for controlling the syringe pump and for image processing; Visual C++ (Visual Studio 2005, Microsoft Co.) was used as the programming language, and Open CV was used for reference. A charge-coupled device (CCD) camera and a video system were connected to the microscope, and the image captured by the CCD camera was transferred to the computer. The microfluidic chip was fabricated by a molding method using polydimethylsiloxane (PDMS) [8] . Using a dicing saw, we first prepared a mold of the microchannel on a flat silicon plate. Next, we coated the silicon plate with a film of OH − ions by using plasma-ion irradiation (PIB-10, Vacuum Device Inc.). Uncured PDMS resin was then poured over the surfaceprocessed reentrant mold to obtain a convex mold. The same steps were followed to fabricate the PDMS chip. The ends of the microchannels were punched to make ports for connecting tubes. An extraction chamber was fabricated at the end of the microchannel, which was fabricated the injection port as shown in Figs. 4(a ) and (b ) . A glass plate, with a thickness of 500 [μm] , was attached to the microchannel fabricated on the surface of PDMS chip.
Algorithm automated cell cutting
We performed an automated cell-cutting experiment according to the algorithm shown in Fig. 5 . The zona pellucida of the bovine oocytes was removed. An oocyte was injected into the injection port and aspirated into the thin microchannel; a highspeed flow generated from the wide channel was used to cut the oocytes (Fig. 3(a) ). Multiple experiments were performed to determine the most appropriate thickness and width of the channels [6] , and the thickness of the aspiration channel was fixed at 50 μm. The thin microchannel, into which the oocyte is aspirated, was identified and defined by image processing. The aspiration channel, hereafter referred to as the aspiration area, was squareshaped and hence easy to recognize. The oocyte softened by cytochalasin was transported to the aspiration area, wherein its radius was measured from the image captured on the CCD camera; the volume (4πr 3 /3, where r is the radius of oocyte) of the oocyte was then calculated. The volume was compared with the aspirated volume of the oocyte to determine the time point at which the cutting flow should be generated. Next, the oocyte was aspirated, and the aspirated volume was determined. In the image captured by the CCD camera, 1 pixel was equivalent to approximately 3.15 μm. The thickness of the thin microchannel was 50 μm and the aspirated cell was completely submerged in it; hence, 1 pixel on the image captured by the CCD camera was equivalent to 496 μm 3 of cell volume. When the aspirated vol-ume was equal to half the volume of the oocyte, syringe pump 2 was activated and high-speed cutting flow was generated. The cell was fixed in the thin microchannel and was cut at the edge of the aspiration channel. The cut oocyte remained in the thin microchannel and was subsequently extracted.
Image Processing
We used the OpenCV library (Intel Corp.) to determine the position and shape of the oocyte and calculate its volume. OpenCV is a library of C language functions used in image processing. As the cell is transported and cut automatically, it is necessary to determine its position and shape. Further, to calculate the volume of the cell as described in section 2.2.2 and Fig. 5(b) , it is necessary to know the pixel number of the portion of the cell aspirated into the thin microchannel.
We investigated the feasibility of 2 image-processing methods for obtaining the microscopic image of the cell; namely, the template-matching method and the background-differential method. The former is used in digital image processing for identifying small parts of an image that match with the corresponding parts in a template image. The backgrounddifferential method is used for the extraction of an object from an image without a background.
Since all oocytes are circular in shape and the contrast between them and their background is clear, we attempted to obtain the CCD image of an oocyte by using the templatematching method. However, since the pattern of cell cytoplasm is different in each oocyte, the image of the experimental oocyte cannot be compared with the template image.
The extraction of an oocyte from an image by using the background-differential method was performed as shown in Fig. 6 . The point of intersection of the wide microchannel and the thin microchannel was set as the center of the observational area, and the background was captured (Fig. 6(a) ). Another image was captured when the target oocyte entered the observation area (Fig. 6(b) ). The differential image (Fig. 6(c) ) was obtained by subtracting the background image with no oocyte from the image showng the oocyte. The oocyte can be identi- Fig. 6 Binarized image of a cell. fied in the binarized image (Fig. 6(d) ). We calculated the number of pixels in the image showing an aspirated oocyte in the thin microchannel. The number of pixels was used to calculate the volume of the aspirated oocyte.
Experiment
Cell Volume Measurement
We estimated the volume of the oocyte aspirated into the thin microchannel by using the image-processing method described in sections 2 and 3. As shown in Fig. 4(b) , the oocyte aspirated into the thin microchannel fills up the channel from the bottom to the top. However, it is difficult to observe the cross section of this aspirated oocyte, especially the edge face. The efficiency of the automated oocyte-cutting system depends on the accuracy of the measurement of the oocyte volume by image processing. Therefore, along with cutting the oocyte with high accuracy, the volume of the oocyte aspirated into the microchannel needs to be determined accurately.
Next, we compared the oocyte volumes measured before and after aspiration. We injected an oocyte, which was chemically softened by cytochalasin treatment, into the wide channel. Before aspiration, the oocyte floated freely in the wide microchannel in the form of a perfect sphere because cytochalasin treatment disrupted the cytoskeletal organization of the oocyte. Therefore, we calculated the volume of the floating oocyte by using the formula for calculating the volume of a sphere, i.e., 4πr 3 /3. Next, the entire oocyte was aspirated into the thin microchannel and its volume was calculated.
We determined the volume of 10 oocytes; the volume of the aspirated oocytes was greater than that of the floating oocytes. The volume of the oocyte was observed to increase by about 8% after aspiration. In one case, the radius of a floating oocyte was found to be 68.2 μm, i.e., its volume was 1,326 × 10 3 μm 3 . After aspiration, the volume was observed to be 1,438×10 3 μm 3 . Hence, the volume had increased by 7.8%.
The above observation shows that the measurement of the volume of the aspirated oocyte is not accurate, as previously indicated. The calculated volume of the aspirated oocyte was greater than that of the floating oocyte. We calculated the volume of the aspirated oocyte by counting the number of pixels in the binarized image. If there was a region of clearance between the oocyte and the bottom surface of the thin microchannel, or between the oocyte and the top surface of the thin microchannel, it would explain why the calculated volume of the aspirated oocyte was larger than that of the floating oocyte. Further, the edge of the aspirated oocyte influences the determination of the volume of the oocyte. Therefore, the volume calculation method shown in Fig. 4 has a margin of error. However, the percent difference in the volume was observed to be constant, i.e., 8%. Accordingly, we have compensated for the error in the calculated volume of the aspirated oocyte by reducing the volume measured before aspiration to 92.6%.
Automated Cell Cutting
Finally, to test our cell-cutting system, we performed an experiment to examine the efficiency of the automated cutting of oocytes.
The microfluidic chip and the system used by us in this experiment are shown in Fig. 5 . The zona pellucida of 19 bovine oocytes was removed; these oocytes were then treated with cy- tochalasin solution for 30 [min] to disrupt their cytoskeletal organization [5] . We performed this experiment according to the cutting process given by the algorithm shown in Fig. 4 . The computer used for the automation of the control of syringe pumps and for processing of the images captured by the inverted microscope, and the images captured by the CCD camera are shown in Fig. 7 . A previously treated oocyte was injected into the wide microchannel through the injection port, as shown in Fig. 3(a ) ; the oocyte was then transported to the intersection point of the wide microchannel and the thin microchannel (Figs. 7(a) and (a ) ). The transportation was automated by controlling the syringe pump and by determining the position of the oocyte through image processing. Next, the volume of the transported oocyte floating in the wide microchannel was calculated by measuring the radius of the oocyte according to the procedure described in section 4.1. After the volume was calculated, the floating oocyte was aspirated into the thin microchannel, as shown in Figs. 7(b) and (b ); simultaneously, the volume of the aspirated portion of the oocyte was calculated. When half the volume of the oocyte was aspirated, a high-speed flow was generated in the wide microchannel, as shown in Figs. 7(c), (c ), (d), and (d ) . The flow rate was about 25 [μl/min]. After the completion of cutting, half the oocyte remained in the thin channel (Figs. 7(e) and (e ) ).
We used a total of 19 oocytes in this study, out of which 14 were successfully cut while 5 could not be cut.
The average cutting time for the 14 oocytes that were successfully cut was about 100 sec. In the blade-cutting technique, the cutting time is about a few seconds, but it does not take into account the time required for cell positioning and alignment. The aim of this study is to cut 50 oocytes in one hours; therefore, this goal cannot be achieved with a cutting time of 100 s. Moreover, even though we were successful in cutting 14 oocytes, the size of the cut oocyte portion varied greatly. The maximum variation was observed in the case of one oocyte for which the diameter of one portion was 79.6 μm and the diameter of the other portion was 110.4 μm.
Two oocytes were not aspirated into the thin channel because they were very hard. We terminated the automatic cutting program, and changed the flow rate of pump 2 to aspirate these oocytes. The oocytes were aspirated when the flow rate of pump 2 was above 2.0 μl/min; they were cut when the flow rate was 100 μl/min, and when they did not assume a spherical shape. These phenomena show that the cytocharasin D treatment did not affect these 2 oocytes. Normally, oocytes treated with cytocharasin D can be aspirated at a flow rate of 0.2 μl/min. Cytocharasin D affects only immature oocytes, so these 2 oocytes might be mature oocytes.
The remaining 3 oocytes were completely aspirated into the thin microchannel; this may have occurred due to a delay in the generation of the cutting flow in the wide channel.
Discussion
The delay in the time required for successful cutting, failure in the cutting of 3 oocytes, and the variability in the size of the cut portions of oocytes were caused by delays in the activation of the syringe pump and problems in microflow control. There is a delay of 0.2 s between successive control commands delivered to the syringe pump. This delay is because the pump is controlled by serial communications. For example, if we need to increase the speed of the syringe pump, a delay of 0.6 s can be achieved, as given by the following set of commands: stop; 0.2 s delay; change speed; 0.2 s delay; run; 0.2 s delay. We will attempt to solve this problem in response to commands in our future studies by improving the control over the syringe pump.
Conclusion
We have developed a novel technique for the automated enucleation of cells and hence modified the basic techniques used in the present automated cloning systems. We developed an automated cell-cutting process by using a microfluidic chip, an in-verted microscope, a computer, and commercial syringe pumps. However, the delay in the control of the syringe pumps is the key shortcoming of this technique. To solve this problem, the authors are planning to develop a syringe pump that realizes measurement with high accuracy and responds quickly to commands. By integrating and realizing these technologies, they aim to successfully achieve the automation of the enucleation of cells.
